The origin and evolution of multidomain proteins are driven by diverse processes including fusion/fission, domain shuffling, and alternative splicing. The 20 aminoacyl-tRNA synthetases (AARS) constitute an ancient conserved family of multidomain proteins. The glutamyl-prolyl tRNA synthetase (EPRS) of bilaterian animals is unique among AARSs, containing two functional enzymes catalyzing ligation of glutamate and proline to their cognate transfer RNAs (tRNAs). The ERS and PRS catalytic domains in multiple bilaterian taxa are linked by variable number of helix-turn-helix domains referred to as WHEP-TRS domains. In addition to its canonical aminoacylation activities, human EPRS exhibits a noncanonical function as an inflammation-responsive regulator of translation. Recently, we have shown that the WHEP domains direct this auxiliary function of human EPRS by interacting with an mRNA stem-loop element (interferongamma-activated inhibitor of translation [GAIT] element). Here, we show that EPRS is present in the cnidarian Nematostella vectensis, which pushes the origin of the fused protein back to the cnidarian-bilaterian ancestor, 50-75 My before the origin of the Bilateria. Remarkably, the Nematostella EPRS mRNA is alternatively spliced to yield three isoforms with variable number and sequence of WHEP domains and with distinct RNA-binding activities. Whereas one isoform containing a single WHEP domain binds tRNA, a second binds both tRNA and GAIT element RNA. However, the third isoform contains two WHEP domains and like the human ortholog binds specifically to GAIT element RNA. These results suggest that alternative splicing of WHEP domains in the EPRS gene of the cnidarian-bilaterian ancestor gave rise to a novel molecular function of EPRS conserved during metazoan evolution.
Introduction
Genes encoding multidomain proteins originate and evolve by processes such as fusion, fission, and domain shuffling by genetic recombination (Snel et al. 2002) . Additionally, in metazoans, alternative splicing of mRNAs encoding multidomain proteins is an important mechanism of domain shuffling, generating protein diversity and driving proteome evolution (Nilsen and Graveley 2010) . The evolution of the 20 aminoacyl-tRNA synthetases (AARS) provides insights into the role of these genetic forces (Ribas de Pouplana and Schimmel 2001) . AARSs are an ancient family of enzymes, conserved from bacteria to vertebrates, that catalyze the attachment of amino acids to cognate transfer RNAs (tRNAs) (Ibba and Söll 2000) . They are key components of the cellular ''housekeeping'' machinery and are responsible for accurate transmission of information from nucleic acid to protein sequences. The AARS family consists of two 10-member subfamilies, each with a characteristic structural fold, possibly originating from two independent single-domain proteins. The glutamyl-prolyl tRNA synthetase (EPRS) of bilaterian animals is unique as the only AARS composed of two functional enzymes, one from each AARS subfamily, catalyzing the attachment of two amino acids to their respective tRNAs. The ERS and PRS catalytic domains are linked by defined 50-amino acid, helix-turn-helix domains referred to as WHEP-TRS (or WHEP) domains. WHEP domains are present in variable number in the EPRS proteins of diverse bilaterian taxa: there are two in the sea squirt Ciona intestinalis, three to five in most vertebrates, and six in the sea urchin Strongylocentrotus purpuratus and the fruitfly Drosophila melanogaster. In addition to EPRS, single WHEP domains are found in eukaryotic Trp(W)RS, His(H)RS, Gly(G)RS, and Met(M)RS (and takes its name from WRS, HRS, and EPRS) but not in any other proteins and never as repeated domains (Cahuzac et al. 2000; Jeong et al. 2000) .
The origin and function of the multidomain EPRS are not well understood. The presence of linked EPRS with multiple WHEP repeats in diverse bilaterian species suggests a significant selective benefit. However, elimination of WHEP domains does not markedly inhibit in vitro aminoacylation activity of several synthetases, indicating that the WHEP domains themselves may provide a noncanonical function unrelated to aminoacylation (Cahuzac et al. 2000) . Indeed, human EPRS exhibits a noncanonical function as an inflammation-responsive regulator of gene expression. EPRS is a component of the multiprotein interferon-gamma-activated inhibitor of translation (GAIT) complex, which interacts with stem-loop elements (GAIT elements) in mRNAs encoding proinflammatory proteins, for example, vascular endothelial growth factor-A (VEGFA) and ceruloplasmin (Cp), and inhibits their translation (Sampath et al. 2004; Ray and Fox 2007) . Recently, we have shown that WHEP domains direct this auxiliary function of human EPRS by interacting with the GAIT element in the 3#UTR of target mRNAs and with the regulatory protein NS1-associated protein-1 (NSAP1) (Jia et al. 2008; Arif et al. 2009 ). WHEP domains from hamster and human EPRS also bind with low affinity (K d , 1-10 lM) and specificity to tRNA and to other RNA and DNA oligomers (Rho et al. 1998; Cahuzac et al. 2000; Jeong et al. 2000) . Moreover, WHEP domains bind appended domains from other AARSs suggesting a role in protein-protein interactions between synthetases (Rho et al. 1996; Rho et al. 1998) . Possibly, the original function of EPRS WHEP domains was to facilitate substrate (tRNA) binding by the synthetase, or interactions with other tRNA synthetases, but the domain assumed noncanonical functional capabilities in the course of metazoan evolution.
The generation of EPRS with novel noncanonical functions might have followed the gene fusion event that gave rise to the bifunctional EPRS with WHEP domains in the linker region. ERS and PRS are separate, unlinked enzymes in eubacteria, archaea, plants, and fungi. The presence of linked EPRS with WHEP repeats in multiple protostome and deuterostome species suggests the gene fusion event occurred early in bilaterian evolution. In a single exception, the nematode Caenorhabditis elegans has unlinked enzymes with ERS containing six C-terminal WHEP repeats and PRS with a single N-terminal WHEP domain. The fusion of ERS and PRS has been proposed to have occurred in the coelomate ancestor after the divergence of the nematode lineage . However, recent molecular phylogenetic studies consistently place nematodes within the ''Ecdysozoa,'' as derived members of the protostome clade. Given this new animal phylogeny, the presence of linked EPRS in both protostomes and deuterostomes suggests that the common bilaterian ancestor possessed a linked EPRS, and the gene subsequently underwent fission in the lineage leading to C. elegans. The presence of fused EPRS in nonbilaterian animals (e.g., cnidarians) would strongly support the hypothesis that the bifunctional protein is the ancestral state in Bilateria.
Here, we demonstrate the presence of EPRS in the cnidarian Nematostella vectensis, which to our knowledge is the first experimental evidence of the fused protein in a basal metazoan. Remarkably, the gene is alternatively spliced in the linker region to yield three isoforms with variable number and sequence of WHEP repeats and with distinct RNA-binding activities. Combinatorial shuffling of the WHEP domains by alternative splicing in the common cnidarian-bilaterian ancestor EPRS has given rise to a novel functionality that is observed in the human ortholog as well, thus providing evidence for the evolutionary expansion of function of a housekeeping gene.
Materials and Methods

Cloning of cDNA
Three adult Nematostella vectensis anemones were starved to prevent prey contamination, and total RNA was isolated using Trizol. cDNA was prepared by reverse transcription (RT) using oligo d(T) primers and MMLV reverse transcriptase (New England Biolabs). After RT, the samples were treated with RNase H to remove RNA. The EPRS linker domain was amplified using forward (GAATAACAAGAA-CGCAAACGCCGAA) and reverse (AGCGCCAAGGACG-TCTGTGCCT) primers corresponding to the flanking sequences in the ERS and PRS domains, respectively. Polymerase chain reaction utilized Taq DNA polymerase (Life technologies), and products were resolved by electrophoresis and gel extracted. The cDNA was cloned into pGEMT vector and 19 clones were sequenced from both ends using T7/SP6 primers. RNA was isolated from the nephridium tissue of a freshly dissected giant slug (Limax maximus) as described above and RT was conducted to generate cDNA. The EPRS linker domain was amplified using forward (ACGCTTTCCAACAGTAAGAGGCGTT) and reverse (ACAAACATTGGGAA-GTAGCAGTTTTCAACA) primers and cloned and sequenced as above.
Sequence and Phylogenic Analysis
Nucleotide sequences were translated in six reading frames using CLC Main Workbench software (http://www.clcbio. com). The translated sequences were used for homology searches using BLAST (http://blast.ncbi.nlm.nih.gov/ Blast.cgi) against the NCBI protein database and were compared with the human EPRS WHEP domains by dot-plots using Geneworks (Intelligenetics) or Geneious (Biomatters) software to locate WHEP domains in the protein sequences. Sequence alignments were performed using CLCWorkbench. Phylogenetic analysis was done using the Molecular Evolutionary Genetics Analysis (MEGA) program (http://www.megasoftware.net/) for neighbor joining (NJ) and maximum parsimony (MP) trees and TREEFINDER (www.treefinder.de, October 2008 version) for the maximum likelihood (ML) tree. WHEP domain sequences (n 5 42) from EPRS proteins of multiple metazoans (including the nonfused C. elegans ERS and PRS proteins) were aligned and used to build the phylogenetic trees. WHEP domain sequences (n 5 91) from EPRS, WRS, MRS, HRS, and GRS proteins of multiple metazoans and the yeast S. pombe were aligned and used to build an NJ tree. The NJ trees were constructed using a Poisson correction model and the MP tree was constructed using close neighbor interchange with initial tree by random addition. The ML tree was constructed using an mtREV substitution model, as implemented in PAML. A single WHEP domain from the HRS protein of the yeast Schizosaccharomyces pombe was used as an outgroup. Bootstrap tests of phylogeny were performed with 100 bootstrap replicates and a random seed.
Protein Expression and Purification
Nematostella EPRS linker sequences were released from pGEMT vector by digestion with NcoI and XhoI and inserted into the corresponding sites in the bacterial expression vector pET28b (Novagen) in-frame with the hexahistidine tag. The proteins were expressed in Escherichia coli and purified to homogeneity using B-PER 6XHis spin purification kit (Pierce-Thermo Scientific).
RNA-Protein Interaction Analysis by Surface Plasmon Resonance
Binding of recombinant or purified proteins to the GAIT element RNA and to tRNA was determined by surface plasmon resonance (SPR) in a Biacore 3000 system. Biotinylated wild-type and mutant GAIT element RNA and Lys-tRNA Lys (E. coli, Transcend, Promega) were separately immobilized on a streptavidin sensor chip in buffer containing 0.01 M Hepes (pH 7.4), 0.15 M NaCl, 3 mM ethylenediaminetetraacetic acid, and 0.005% v/v surfactant P20 according to the manufacturer's instructions. The flow rate for the analyte was 30 ml/min in the same buffer with 5 mM MgCl 2 . Flow cells were regenerated with 1 M NaCl and 5 mM HCl at 10 ml/min. Purified protein (500 nM) was applied to the flow cell at 30 ll/min. Dissociation constants were calculated using Biaevaluation software (Biacore).
Results
Multiple Isoforms of Linked EPRS in Nematostella vectensis
Human EPRS has three repeated WHEP domains between the catalytic ERS and PRS domains ( fig. 1A ). Taking advantage of the partial sequence conservation of WHEP domains among all bilaterians with available EPRS sequences, the amino acid sequence of human EPRS WHEP domains was used in a homology search against a database of predicted peptides from the Nematostella genome project (www.stellabase.org). Putative WHEP domains were identified in a predicted peptide corresponding to EPRS containing a single WHEP domain within the linker region and in two peptides corresponding to vertebrate MRS and HRS. To confirm the presence of a linked EPRS with an intervening WHEP domain, Nematostella EPRS linker domain was cloned from total RNA isolated from starved adults using primers based on the genomic sequence of the flanking regions in the ERS and PRS enzymatic domains. Amplification of the Nematostella linker region, using primers corresponding to ERS and PRS domains, verified the existence of a linked EPRS gene, providing the earliest evidence of the bifunctional enzyme in metazoans. Unexpectedly, sequence analysis of the cloned linker domain indicated the presence of three different EPRS isoforms with variant linker domain sequences ( fig. 1B ). Variants 1 and 2, encoded by 42% and 21% of the cloned sequences, respectively, contained single WHEP domains termed WHEP1 and WHEP2, respectively, differing by 14 of 50 amino acids. Variant 3, encoded by 37% of the cloned sequences, contained two tandem WHEP domains separated by a short spacer; the first domain was identical to that in Variant 1, the second was nearly identical to the domain in Variant 2, differing by 6 of 50 amino acids in the ascending a-helix and has been termed WHEP2#. The three domains conform to the Prosite signature for WHEP domains ( fig. 1C ). Also conserved is an LLXLK motif, which is present in nearly all known EPRS WHEP domains. Sequence comparison by Pustell dot matrix plot confirmed the similarity of the three Nematostella linker domain variants to the linker domain in human EPRS ( fig. 1D ).
Fusion, Fission, and Domain Duplication Drove EPRS WHEP Domain Evolution
The presence of linked EPRS in Nematostella strongly suggests the gene fusion event joining ERS and PRS occurred at least as early as the common ancestor of bilateria and cnidaria. A NJ phylogenetic tree was constructed including EPRS WHEP domain sequences from Nematostella and representative deuterostomes and protostomes. Schizosaccharomyces pombe HRS WHEP domain, which is thought to resemble the precursor of metazoan EPRS WHEP domains based on analysis of intron positions (Brenner and Corrochano 1996; Shiba 2002) , was used as the phylogenetic outgroup. The phylogenetic analysis indicates that the three Nematostella WHEP domains form a well-supported cluster that appears as an outgroup to the bilaterian WHEP domains ( fig. 2A ). All vertebrate WHEP domains grouped together with the two Ciona WHEP domains as an outgroup. The C-terminus WHEP domain (WHEP6) of Drosophila EPRS was closest to all the C. elegans ERS and PRS WHEP domains as shown before . The other five Drosophila WHEP domains grouped together in a cluster that also comprises the six sea urchin WHEP domains. Overall, the branching pattern of the phylogeny suggests multiple lineage-specific duplication events that have resulted in the formation of EPRS with variable number of WHEP repeats in multiple phyla ( fig. 2B ). Similar topologies were obtained by constructing MP (supplementary fig. S1 , Supplementary Material online) and ML (supplementary fig. S2 , Supplementary Material online) trees of the same taxa, except that the sixth Drosophila WHEP domain appeared as an outgroup to the other WHEP domains in the ML tree, possibly due to long-branch attraction of the Nematostella WHEP domains. The low bootstrap support for multiple branches in the phylogenetic trees is due to the short 50-amino acid length of the sequence used in the analyses; in fact, bootstrap values have been suggested to provide inadequate estimates of accuracy or data consistency in the analysis of ''rare genomic changes'' such as the WHEP domain (Jermiin et al. 2005; Rokas et al. 2005) . However, the generation of trees with nearly identical branching patterns using independent methods of phylogenetic analysis supports our major conclusion.
The grouping of the three Nematostella WHEP domains suggests that a single WHEP domain underwent Evolution of Function of a Fused tRNA Synthetase · doi:10.1093/molbev/msq246 independent duplications in the lineage leading to Nematostella, consistent with the presence of a single WHEP domain in the cnidarian-bilaterian ancestor EPRS prior to the lineage-specific duplications. However, the possibility remains that the cnidarian-bilaterian ancestor possessed multiple WHEP domains in EPRS, and the lineage leading to Nematostella underwent partial deletions of these ancestral domains. Although the number of WHEP repeats in the common ancestor is not indicated with certainty, the data support the origin of the fused EPRS with at least one WHEP domain in the common ancestor of cnidaria and bilateria.
Unlinked ERS and PRS in C. elegans suggest that EPRS underwent a secondary fission event in an ancestor of C. elegans. This conclusion was supported by cloning and sequencing the EPRS linker domain from the slug Limax maximus in the lophotrocozoan branch of Protostomia, the sister taxa to the ecdysozoans (nematodes and insects); this mollusc has five WHEP domains in a linked EPRS, providing additional evidence that the fission event giving rise to unlinked ERS and PRS was restricted to nematodes ( fig. 2C ). Recent genomic data from other lophotrocozoans indicate the presence of a fused EPRS with variable number of WHEP repeats; the annelids Helobdella robusta and Capitella capitata contain three and five, respectively ( fig. 2C) . Notably, sequence data from another nematode species, Brugia malayi, also indicate the presence of a fused EPRS with four WHEP domains.
Nematostella EPRS WHEP Domain Variants Are Generated by Alternative Splicing
The presence of three variant linker sequences in Nematostella suggests either multiple genes encoding EPRS or alternative mRNA splicing of a single gene. Comparison of the cloned linker sequences with the assembled genomic DNA sequence and EST sequences indicates that the variants are generated from a single EPRS pre-mRNA by splicing at intron-exon junctions of four exons (exons 12-15) combined with alternative splicing at three exon-internal splice sites (exons 12-14; fig. 3A ). The three 50-amino acid WHEP domain variants have very similar exon structures, consisting of 11 amino acids from exons 12a or 13b, followed by a short stretch of eight or nine amino acids from exons 12b or 13c, and ending with about 30 amino acids of exons 13b or 14a. Interestingly, the exon arrangement of the individual a-helical domains is similarly conserved: the ascending a-helix spans the first two exons, whereas the descending a-helix is entirely within the third exon. This elaborate scheme, involving differential assortment of seven distinct coding segments via alternative splicing at four exon-internal splice sites and six exonintron boundaries, generating three EPRS isoforms with variant WHEP domain number and sequence, suggests an adaptive advantage and the possibility of important functional distinctions among the three variants.
Nematostella EPRS WHEP Domain Variants Exhibit Evolution of Function
The human EPRS linker region and the individual WHEP repeats interact with tRNA, albeit with low affinity (Rho et al. 1998; Jia et al. 2008) . In contrast, the human EPRS linker or the domain containing the first two WHEP repeats interacts with high affinity and specificity to the GAIT stem-loop element in the 3#UTR of multiple mRNAs (Jia et al. 2008) . Because the comparison of Nematostella to bilaterian taxa provides insight into the linked EPRS of the cnidarian-bilaterian ancestor, and because Nematostella expresses variant isoforms, this model system is ideal for investigating the evolution of functionality of this domain during animal evolution. The interactions of the three WHEP variants with tRNA Lys , human Cp GAIT RNA, and a mutant form of Cp GAIT RNA (U87C) that does not bind human EPRS WHEP (Jia et al. 2008) were measured using surface plasmon resonance spectroscopy. Variant 1, containing a single WHEP domain, exhibited a high-affinity interaction with tRNA (K d ; 10 À9 M), much greater than the affinity of interaction between tRNA and single human EPRS WHEP domains (Rho et al. 1998) ; the affinity for Cp GAIT element was about two orders of magnitude less (fig. 4) . Variant 2 showed similar moderately high affinity for all three RNAs. Remarkably, Variant 3 interacted with high affinity and specificity to the human GAIT RNA element, with a K d near 10 À9 M comparable with the affinity of the human EPRS linker to the same RNA, but interacted with a much lower affinity with the mutant GAIT element RNA. These results reveal an extraordinary diversity in RNA-binding activity of the three Nematostella WHEP domain variants: Variant 1 preferentially binds tRNA, Variant 2 exhibits no target preference, and Variant 3 preferentially binds GAIT element mRNA. Variant 3 contains two WHEP domains, which is also the minimum number required for high-affinity binding of human EPRS to the GAIT element (Jia et al. 2008 ). These observations indicate the acquisition of a novel function by EPRS due to the duplication and alternative splicing of WHEP domains.
Discussion
The WHEP domains in the eumetazoan EPRS have evolved by multiple processes, including fusion, fission, duplication, and domain shuffling, that have generated the great diversity in number and sequence of repeats seen in branches of the metazoan tree. This study shows that the bifunctional EPRS in modern eumetazoans originated from a fusion event that juxtaposed the ERS and PRS proteins, which occurred after the divergence of the fungi but before the divergence of cnidarians and bilaterians. Gene fusion and fission play important roles in the generation of new protein architectures. In a comprehensive survey of protein domain architectures in 131 genomes belonging to the three major branches of life, 2,381 fusion events were found, whereas fission events were about four times less frequent (Kummerfeld and Teichmann 2005) . From a parsimony perspective, it is likely that the modern bifunctional EPRS protein is the product of a single fusion event rather than multiple lineage-specific fusions. This conclusion is consistent with the multigenome survey of fusion events that showed that 73% of proteins with a fused architecture derive from a single fusion event. Also, EPRS appears to have undergone both fusion and fission (in C. elegans), a rare occurrence reported in very few proteins, for example, sterol carrier protein-2 and histone methyltransferase (Edqvist and Blomqvist 2006; Krauss et al. 2006) .
The N-terminus WHEP domain in S. pombe HRS is thought to be the precursor for the EPRS (and the vertebrate WRS) WHEP domains based on sequence similarity and intron positions (Brenner and Corrochano 1996; Shiba 2002) . A NJ phylogeny of WHEP domain sequences of all WHEP domain-bearing tRNA synthetases (GRS, MRS, HRS, and EPRS) from representative taxa shows that the domains of each synthetase form independent clades (supplementary fig. S3, Supplementary Material online) . The topology of the phylogenetic tree accurately recapitulates the evolutionary history of WHEP domains inferred from intron positions (Shiba 2002) . The domain appears to have emerged first in HRS from where it spread to GRS and EPRS. The WRS and MRS WHEP domains, present only in vertebrates, are likely to be derived from EPRS and GRS WHEP domains, respectively. The GRS WHEP domain from the plant Arabidopsis thaliana is highly divergent from other WHEP domains and was not included in this analysis. The HRS WHEP domain of S. pombe, which appears as the most ancient WHEP domain-containing tRNA synthetase by this and earlier analyses, possibly underwent a translocation event that eventually positioned it in the linker region of fused EPRS in the last common ancestor of cnidarians and bilaterians (Brenner and Corrochano 1996; Berthonneau and Mirande 2000; Shiba 2002 ). The EPRS WHEP domain has been maintained in this position during evolution, presumably by a selective pressure that has also driven domain duplication accompanied by conservation of sequence and structure. These characteristics implicate a functional importance of the domain either by enhancing the aminoacylation activity of EPRS or by contributing to a noncanonical function unrelated to catalytic activity. 12a, red; 12b, gray; 13a, violet; 13b, brown; 13c, gold; 14a, blue, 14b, cyan; and 15, green) ; the letters represent internally spliced exon segments. (B) Schematic representation of alternative splicing of the EPRS linker region to generate the three WHEP domain variants (above): 1 (dashed lines), 2 (solid lines), and 3 (dotted lines). Exons and exon segments are color coded as in (A). In models of spliced variants (below), the portions of the spliced exons that code for the 50-amino acid WHEP domains and for the a-helical domains are indicated as bars and boxes, respectively.
Evolution of Function of a Fused tRNA Synthetase · doi:10.1093/molbev/msq246 WHEP domains are involved in several noncanonical activities of tRNA synthetases, for example, the N-terminal WHEP domain of human WRS is thought to mask the angiostatic activity of the core domain of WRS Wakasugi et al. 2002) . We have recently shown that WHEP domains in human EPRS are responsible for a novel noncanonical activity in monocyte/macrophages. The human EPRS WHEP domains mediate the binding of the GAIT complex to the mRNAs of multiple proinflammatory genes such as VEGFA, ''Cp,'' DAPK (death-associated protein kinase), DAPK3 (zipper-interacting protein kinase), and several chemokines and their receptors and inhibit their translation, consistent with an important role in the regulation of inflammatory gene expression (Sampath et al. 2003; Mukhopadhyay et al. 2008; Ray et al. 2009; Vyas et al. 2009 ). At least two WHEP domains are required for binding to the RNA stem-loop element (GAIT element) in target mRNAs, underscoring the importance of the duplications (Jia et al. 2008) . In this study, we have traced this activity to an isoform of EPRS in a basal metazoan, bringing us closer to the ancestral EPRS WHEP domain, and providing a unique view of the origin of a ''moonlighting'' function of a critical housekeeping protein.
As an outgroup to the bilateria, Nematostella has proven to be informative with respect to early evolution of multiple gene families and genome features (Finnerty et al. 2004) . With respect to gene repertoire, the recently sequenced Nematostella genome reveals exon-intron structure and large-scale gene linkage more similar to vertebrates than the model protostomes, Drosophila and C. elegans (Putnam et al. 2007 ). Nearly two thirds of human genes (13,830) were found to be descended from gene family progenitors in the common cnidarian-bilaterian ancestor, whereas far fewer were in the fruitfly and the nematode worm. Similarly, not only are the numbers of exons per gene similar between Nematostella and the vertebrates, but the precise location and phase of introns are also highly conserved (Sullivan et al. 2006; Putnam et al. 2007 ); nearly 81% of human introns are found in the same position and phase in Nematostella. There is also extensive conservation of synteny between the Nematostella and vertebrate genomes. More than 30% of the 4402 gene families analyzed participate in conserved linkage groups. These data suggest that from a genomic perspective, the ancestor of the cnidarians and bilaterians more closely resembled modern sea anemones and vertebrates than do contemporary insects or nematodes. Presumably, high genomic conservation correlates with functional conservation, suggesting the origin in the common cnidarian-bilaterian ancestor of many gene functions in modern vertebrates, including humans.
Interestingly, an ortholog of nuclear factor kappa B (NF-jB), a transcription factor that plays a central role in mammalian innate immune responses, has been found in Nematostella, together with genes encoding upstream and downstream components of the NF-jB signaling pathway, for example, Toll and tumor necrosis factor-like receptors, adapter proteins such as Myd88, and the NF-jB coactivator Bcl-3 (Sullivan et al. 2007; Sullivan et al. 2009 ). Several orthologs of components of the interferon response pathway, for example, TRAM, TRIF, and IRF3, have been found in the Nematostella genome as well (Miller et al. 2007 ). Thus, rudiments of the innate immune response might have been present in the cnidarian-bilaterian ancestor, despite the absence of specialized immune cells in extant cnidarians. Upon duplication of the WHEP domain, the fused EPRS in the cnidarian-bilaterian ancestor might have acquired a new noncanonical function, possibly a precursor to the human translation control mechanism involved in the regulation of innate immune responses. It is not known whether the GAIT system is functional in Nematostella, although PatSearch, a pattern-searching algorithm, indicates the presence of about 200 putative GAIT elements in Nematostella ESTs (unpublished data). mRNAspecific translation control mechanisms of any kind have not been experimentally shown in Nematostella. However, an iron response element, an RNA element responsible for translational regulation of multiple iron-related genes in response to iron availability, has been predicted in the Nematostella ferritin gene (mRNA) (Piccinelli and Samuelsson 2007) . Thus, the iron-responsive translational control system, present in many bilaterian animals, might also be present in the cnidarians.
WHEP domains are present only in tRNA synthetases and are thought to have evolved to facilitate the interaction with their tRNA substrates. The differential RNAbinding activity of the EPRS WHEP domain variants provides a remarkable reporter of evolution of protein function. The variants containing a single WHEP domain exhibit high-affinity interaction with tRNA, indicating that they might have evolved to facilitate tRNA binding to the fused synthetases, thereby enhancing catalytic efficiency. One variant (Variant 2), bearing multiple nonsynonymous mutations, lacks discrimination between tRNA, a wild-type GAIT element and a mutant element that does not interact with human EPRS. This indicates that the multiple amino acid changes gave rise to an auxiliary-binding specificity such that the WHEP domain could now bind RNA stem-loop elements, in addition to its cognate tRNA substrate. Remarkably, the variant bearing two WHEP repeats interacts with tRNA with much lower affinity, comparable with the affinity of the three human EPRS WHEP repeats, but interacts with high affinity and specificity to wild-type GAIT element, again comparable with the human EPRS WHEP domains (Jia et al. 2008) . Possibly, WHEP domain duplication provided sufficient binding surface to facilitate discrimination of specific RNA structural elements, establishing a novel functionality also present in the human ortholog. NMR studies have shown that tRNA binding by the WHEP domain is mediated by a single face of the helixturn-helix (Jeong et al. 2000) ; the inability of the 2-WHEP variant to interact with tRNA might be due to occlusion of the binding face by the second domain. Remarkably, the three WHEP domain variant mRNAs are expressed concurrently in Nematostella. The physiological functions of the variants are not clear. However, it is instructive to consider the situation in humans in which two EPRS forms have been identified: Unmodified EPRS resides in a multisynthetase complex (containing nine tRNA synthetases) where it binds and charges tRNAs, whereas an unbound phosphorylated form preferentially binds GAIT element mRNAs following inflammatory stimulus (Sampath et al. 2004; Arif et al. 2009 ). Thus, different functional forms generated by alternative splicing in Nematostella might be analogous to stimulus-dependent posttranslational modification in humans. Possibly, the three variants in Nematostella express distinct cellular functions, for example, one confers high-affinity binding to tRNA for protein synthesis, another facilitates binding to mRNA elements for posttranscriptional regulation, and a third might enable alternative localization in a putative multisynthetase complex. Further analysis will be necessary to elucidate the specific functions of these variants, their cellular and tissue distribution, and possible stimulus-or condition dependence of expression.
Concluding Remarks
There are only a few cases in which the evolution of function of a protein is traceable within an organism. A study of Src tyrosine kinase isoforms in choanoflagellates, unicellular organisms thought to be the closest outgroup of animals, and sponges, possibly the first multicellular animals, suggested an evolution of protein function that might play a role in the evolution from unicellularity to multicellularity (Segawa et al. 2006) . However, the Src isoforms in the choanoflagellate and sponge are encoded by different genes, unlike the case of the cnidarian EPRS, where the functionally different isoforms are products of alternative splicing. Generation of functionally distinct proteins from a single gene by alternative splicing plays a major role in forming novel protein architectures and driving proteome evolution (Birzele et al. 2008) . Alternatively spliced variants of WHEP domains have not been reported in humans or other bilaterian species. The Nematostella EPRS WHEP domains are spliced in a remarkably complex program in which multiple Evolution of Function of a Fused tRNA Synthetase · doi:10.1093/molbev/msq246 alternative splice sites are used to build distinct protein architectures on a common genetic foundation. The alternative splicing event that produced the novel 2-WHEP domain isoform of EPRS in Nematostella might have become constitutive in humans to produce the modern EPRS with multiple WHEP repeats and noncanonical activity. This scenario is consistent with the finding that a substantial fraction of exons that are alternatively spliced in one species are constitutively spliced in other species (Xing and Lee 2007) . Structural and functional studies of EPRS WHEP domains in other metazoans, particularly the key outgroup organisms that have been recently sequenced, might provide additional insights into the evolution of function of these domains.
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